) to the atmosphere. Results confirm that standing dead trees represent a conduit for the atmospheric flux of carbon gases from wetlands. However, several questions remain regarding the ultimate source of these carbon gases, the controls on the magnitude and direction of this flux, the mechanisms that induce this flux, and the importance of this pathway relative to other sources at the landscape level.
Introduction
Carbon dioxide (CO 2 ) and methane (CH 4 ) are widely recognized as two of the most important greenhouse gases due to their abundance in the atmosphere and strength as an agent of global warming, respectively (Shindell et al. 2009; Hansen et al. 2013; Myhre et al. 2013) . Methane is recognized as a potent greenhouse gas, with a global warming potential ca. 28-34× that of CO 2 over a 100 year period (Myhre et al. 2013) . Atmospheric CH 4 concentrations are once again on the rise (Saunois et al. 2016 ) after an almost two-decade period of oscillation between stabilization and increase (Kirschke et al. 2013) . The cause for this current increase is currently unknown, but is likely attributed to increases in both anthropogenic (e.g. agriculture and the fossil fuel industry) and natural (e.g. wetlands) sources (Saunois et al. 2016) .
Quantitatively, wetlands represent the single largest source in the annual flux of CH 4 to the atmosphere (Myhre et al. 2013; Schlesinger and Bernhardt 2013) . In wetland ecosystems, CH 4 is produced by methanogenesis, the terminal step in the anaerobic degradation of carbon, which occurs in nutrient-depleted, anoxic microsites within sediments. Once CH 4 is produced, it has a variety of fates in wetland systems, including escaping as a flux across the soil/sediment- (Chanton et al. 1989; Morse et al. 2012) , water- (Helton et al. 2014; Poindexter et al. 2016) , or plant-atmosphere (Schütz et al. 1991; Rusch and Rennenberg 1998) interface. Of these three pathways, the plant-based pathway is arguably the least well understood, despite mounting evidence that it may be a dominant pathway for CH 4 flux from vegetated wetland ecosystems [see Carmichael et al. (2014) and references therein].
Data Availability The datasets analyzed during the current study are available from the corresponding author on reasonable request.
From a historical perspective, the role of both live and dead herbaceous vegetation as a conduit for wetland CH 4 emissions has long been established (Dacey and Klug 1979; Sebacher et al. 1985; Brix 1990; Smith and Lewis 1992) . Schütz et al. (1991) first proposed that woody vegetation (i.e. tree stems) might also be a source of CH 4 flux from wetlands, a pathway that was confirmed in 1998 by Rusch and Rennenberg. A handful of studies have expanded on this initial research, confirming live trees as a pathway for CH 4 emissions in both upland and wetland systems [see review by Carmichael et al. (2014) and references therein, in addition to more recent papers by Pangala et al. (2015) , Terazawa et al. (2015) , Machacova et al. (2016) , Wang et al. (2016) , Wang et al. (2017) , and Warner et al. (2017) ]. In these studies, CH 4 flux occurred across all possible exchanging surfaces at the plantatmosphere interface, including the leaf, stem, and trunk. In some cases, specialized wetland adaptations for tissue aeration (e.g. aerenchyma, lenticels, and pneumatophores) have also been implicated as pathways for CH 4 flux; but, that is not universally the case, as stomata on leaf surfaces may also contribute to CH 4 flux (Garnet et al. 2005) .
Dead vegetation is an important component of forest carbon budgets (Litton et al. 2007 ) that represents a substantial, dynamic carbon stock (Cornelissen et al. 2012) . Deadwood and litter represent a substantial aboveground C sink (Pacala et al. 2001) , accounting for ca. 15% of the global forest carbon storage (Pan et al. 2011) . However, the role of standing dead trees in wetland carbon dynamics has been largely ignored, despite the fact that ca. 15-30% of the estimated total global wetland extent consists of forested ecosystems (Matthews and Fung 1987; Lehner and Döll 2004) . After tree death, water is evacuated from cavities and hydraulic elements in the trunk, leaving an intricate network of open conduits within the plant tissue that provide a continuum of connectivity, from soil/ sediment to the atmosphere. In wetland systems, dead trees likely possess a suite of structural adaptations already honed for gas transport from the atmosphere to above-and belowground tissues (Hook 1984a) . Barriers to diffusion in the inner bark and xylem are generally viewed as resistors to gas exchange in woody tissue; however, as the decay process begins, microbial and insect activity could lead to increased wood porosity via the formation of additional channels within plant tissue that may facilitate gas exchange with the atmosphere (Teskey et al. 2008) . Interestingly, Hook and Brown (1972) observed that microscopic pores as small as 2-5 μm in diameter were large enough to permit gas exchange across the cambium in Nyssa aquatica L. (water tupelo) and Fraxinus pennsylvanica Marshall (green ash), two common wetland species. Thus, it is possible that the open conduit systems in dead trees may provide a pathway for the atmospheric flux of sediment-borne greenhouse gases from wetland systems [as suggested previously by Carmichael et al. (2014) and Oberle et al. (2017) ].
In order for standing dead trees (hereafter snags) to act as a source of the atmospheric flux of greenhouse gases, two conditions must occur: (1) gas evolution and/or accumulation within the trunk airspace of a dead tree and (2) flux of this gas across the plant atmosphere interface (Carmichael and Smith 2016b) . A recent study described the potential for snags to act as conduits for CH 4 and CO 2 emissions from wetland ecosystems (Carmichael and Smith 2016b) , providing evidence that snags accumulate carbon-based greenhouse gases within trunk airspace at significantly higher concentrations than the atmospheric samples taken immediately outside of the trunk, thus establishing a concentration gradient that would be expected for a plant-atmosphere flux to occur. But, several questions remained, namely the ultimate source of these carbon gases (i.e. sediment-or plant-based decomposition pathways) and whether the gases actually escape from snags as a flux to the atmosphere. Therefore, we conducted a study in the summer of 2016 to determine if snags represent a conduit for the flux of CH 4 and CO 2 to the atmosphere from wetland ecosystems.
Materials and Methods

Site Description
Due to the potential for highly productive croplands, much of North Carolina's Albemarle-Pamlico peninsula was converted from wetland habitat to farmland in the 1970's (Carter 1975) . However, land in the region drains poorly (Titus and Richman 2001; Sallenger et al. 2012; Hauer et al. 2016 ) and farmlands must be intensively managed, often through the installation of drainage canals and pump stations, to prevent soil waterlogging and declines in crop productivity. In the late 1990's, the Great Dismal Swamp Mitigation Bank, LLC purchased the former Timberlake Farms to restore the site as a compensatory mitigation bank. The Timberlake Observatory for Wetland Restoration (hereafter TOWeR) is a 1700 ha site located on the Albemarle-Pamlico peninsula (35°54′22″N, 76°09′25″W, Fig. 1 ). Detailed descriptions of the region, site, and restoration practices and management can be found in Needham (2006) , Ardón et al. (2010a) , and Ardón et al. (2010b) .
Restoration was completed at TOWeR in 2007 when the pump station at the northern end of the site was disabled, hydrologically reconnecting the site to surrounding waters. With the restoration of historical hydrology, several areas within the site that were not previously farmed converted into ghost forest landscapes ( Fig. 2a and b) , as flood-intolerant species (e.g. Acer rubrum L.) succumbed most likely to the stress associated with living in a permanently inundated environment (Hook 1984b; Kozlowski 1997) . To date, living trees persist, but are restricted to either flood-tolerant species such as Taxodium distichum (L.) Rich., Nyssa aquatica L., Nyssa sylvatica Marshall var. biflora (Walter) Sarg. or raised hummock microsites. The selected research sites for the present study consisted of two ghost forest landscapes (Fig. 1a) , one located in the northwestern quadrant of the TOWeR property, and the second within a permanently inundated section of the restored wetland.
Site Mesoclimate and Additional Environmental Measurements
Environmental variables were continuously measured at each sampling location (Fig. 1a) in July 2016 and compared to historical data from the State Climate Office of North Carolina's Climate Retrieval and Observations Network of the Southeast (CRONOS) Database monitoring station #311949 located within 2 km of TOWeR in the Gum Neck Community of Tyrrell County, North Carolina. Air temperature and relative humidity were measured continuously at 2 m above ground using a HOBO Pro V2 sensor and data logger (Model U23-001, Onset, Bourne, MA) shielded from direct sunlight and the nighttime sky.
Daily water quality measurements were taken in each ghost forest landscape at three representative locations as described in Carmichael and Smith (2016a) . Salinity was monitored using a YSI EcoSense EC300A portable conductivity, salinity, and temperature meter (YSI, Yellow Springs, OH). Surface water pH was monitored using a YSI EcoSense pH100A portable pH, mV, and temperature meter. All instruments were calibrated in the field prior to measurements. In addition to mesoclimate and water quality measurements, tree diameter at breast height (DBH, 1.37 m) and the water depth next to each tree and each floating static flux chamber (see below) were measured.
Plant-Atmosphere Greenhouse Gas Fluxes
We used a static chamber approach (Livingston and Hutchinson 2009 ) to measure plant-atmosphere greenhouse gas fluxes on ten trees in the northwest quadrant of the TOWeR property (Fig. 1a ). Snags were systematically selected to ensure that each tree was located in standing water (mean water depth 0.23 ± 0.03 m, range 0.10-0.38 m) and was structurally sound enough to support static flux chambers and withstand drilling. An effort was made to repeat measurements on as many trees as possible from a 2014 study (Carmichael and Smith 2016b) .
Chambers ( Fig. 2c) were constructed based on a modified version of the chamber design described in Pangala et al. (2012) . The description and dimensions of the chambers matched those described in Pangala et al. (2012) with the following exceptions: chambers were constructed of 3 mm clear Lexan and gas-impermeable closed cell foam (MD Building Products, Oklahoma City, OK) was used to provide white square denotes the location of the chambers used to measure wateratmosphere greenhouse gas fluxes. Both panels were created using Google Earth; image is copyrighted by DigitalGlobe (2016) a seal between the two halves of the chambers. Each chamber contained two gas sampling ports [8 mm Suba Seal stoppers (Sigma-Aldrich, St. Louis, MO) sealed in place with 100% Silicone caulk (General Electric, Fairfield, CT)] and an internal fan (Jameco Electronics, Belmont, CA), which was used to ensure that the air in each chamber was well-mixed during incubations and sampling. Central chamber openings were custom fit to the diameter of each tree using 5 mm closed cell resilient sealing tape (Advanced Acoustics, Mansfield, UK). After each chamber was mounted and secured in place, gasimpermeable PTFE tape (3 M, St. Paul, MN) was used as a secondary sealant over each joint. Two chambers were deployed on each tree, one chamber located at 10-50 cm above water level and a second at 60-100 cm, as studies from living trees indicate an inverse relationship between CH 4 flux and distance above the soil surface (Pangala et al. 2012) .
At the beginning of each sampling interval, air temperature, barometric pressure, and wind speed were recorded using a Kestrel 4000 weather and environmental meter (Kestrel Instruments, Boothwyn, PA). Ten mL gas samples were collected from each chamber in triplicate at seven time points over an 80 min incubation: 0, 5, 10, 20, 50, 60, and 80 min.
Gas samples were injected into pre-evacuated 9 mL glass vials (Teledyne Tekmar, Mason, OH), providing an overpressure to prevent atmospheric gas from leaking into the sample vial.
Greenhouse Gas Sampling from Trunk Airspace
To confirm the presence of greenhouse gases in trunk airspace, a protocol inspired by Covey et al. (2012) and described in detail in Carmichael and Smith (2016b) was utilized on the ten trees selected for greenhouse gas flux measurements. Sampling occurred immediately after the static flux chambers were removed from the trees. Three holes were drilled to center of each tree using a 5/16 in drill bit: one at 30 cm and a second at 80 cm above water level (the mid-point height of each static flux chamber), with a third hole at breast height (1.37 m) to have a standardized height on each tree. Immediately after drilling, each hole was plugged with an 8 mm SubaSeal stopper (Sigma-Aldrich, St. Louis, MO) and a gas-tight syringe was used to extract a single 10 mL sample of gas from the trunk airspace at 30 cm above water level. The sample was injected into a pre-evacuated 9 mL glass vial (Teledyne Tekmar, Mason, OH), providing an overpressure water-atmosphere flux chambers were deployed, c static flux chambers for plant-atmosphere gas fluxes, and d static flux chambers for wateratmosphere gas fluxes to prevent atmospheric gas from leaking into the sample vial. Immediately after sampling the trunk airspace, a second sample was taken as described above from the atmosphere directly next to the trunk at 30 cm above water level. This procedure was then repeated at 80 cm above water level and at breast height. After trunk greenhouse gas sampling was completed, samples of ambient air (n = 3 daily) were taken at a TOWeR location away from any obvious CH 4 sources to obtain background concentrations for atmospheric greenhouse gases for the site.
Water-Atmosphere Greenhouse Gas Fluxes
To compare the relative importance of greenhouse gas flux pathways, water-atmosphere greenhouse gas fluxes were also measured using a static chamber approach following a protocol that had been used successfully at TOWeR (Helton et al. 2014) . Floating static flux chambers (Fig. 2d) were constructed from 10 L gas sampling bags as described in detail in Helton et al. (2014) . Static flux chambers (n = 8) were deployed at three locations within a ghost forest landscape in the restored wetland (Fig. 1a) . At the beginning of each sampling interval, air temperature, barometric pressure, and wind speed were recorded using a Kestrel 4000 weather and environmental meter (Kestrel Instruments, Boothwyn, PA). Triplicate 10 mL gas samples were collected from each chamber as described in Helton et al. (2014) at three time points over 24 h incubation: 0, 8, and 24 h.
Gas Analyses
All gas samples were stored at room temperature for less than one week before analysis via gas chromatography at the Duke River Center. Gas samples were analyzed for CH 4 and CO 2 concentrations at the Duke River Center following protocol outlined in Morse et al. (2012) , Helton et al. (2014) , and Carmichael and Smith (2016b) . Samples were injected by a Tekmar 7050 Headspace Autosampler into a Shimadzu 17A gas chromoatograph with electron capture detector and flame ionization detector (Shimadzu Scientific Instruments, Columbia, MD) retrofitted with sixport valves and a methanizer to allow the determination of the three gases from the same sample. Ultra-high purity N 2 was used as the carrier gas, and a P5 mixture served as the make-up gas for the electron capture detector. A Nafion tube (Perma Pure, Toms River, NJ) and counter-current medical breathing air were used to remove water vapor from the sample stream. Gas concentrations were determined by comparing the peak areas of samples and certified primary standards (range of standards 0.3-5000 μL L −1 for CH 4 and 100-10,000 μL L −1 for CO 2 ;
Airgas, Morrisville, NC) using GCsolution software (Shimadzu Scientific Instruments).
Plant-Atmosphere and Water-Atmosphere Greenhouse Gas Flux Calculations
Under ideal conditions in static chamber incubations, gases either accumulate or are consumed linearly over time (Livingston and Hutchinson 2009) ; gas fluxes are determined by regression analysis of the change in gas concentration over time in the chamber. Static flux chambers are sensitive to disturbance, so rigorous quality control measures (see description below) must be applied. Measured gas concentrations were initially converted using the ideal gas law and field measurements of air temperature and barometric pressure from ppmv to μg m −3
. Quality control measures, as described in detail in Helton et al. (2014) and McInerney and Helton (2016) , were then applied to the data set.
For gas flux calculations, we began by calculating the average of all sample replicates that were within 10% of one another (McInerney and Helton 2016). Next, we used these values to calculate the minimum detectable concentration difference (MDCD) for each sampling date (Yates et al. 2006) : incubations that did not exceed the MDCD were excluded from the analysis. Gas fluxes are reported as a flux per unit exchanging surface area. Therefore, some additional transformations were required before regression analyses could be completed. For plant-atmosphere gas fluxes, the volume of each static flux chamber was obtained by subtracting the volume of each stem in a chamber (approximated as a truncated cone) from the total chamber volume. The exchanging surface area of the trunk was approximated as a truncated cone. These two numbers were used to calculate the volume to surface area ratio, which was then used to report flux rates by surface area. For water-atmosphere fluxes, the volume to surface area ratio for the static flux chambers obtained by Helton et al. (2014) was used for conversions. Once these conversions were completed, linear regression was used to calculate gas fluxes. An incubation met the assumption of linearity when r 2 > 0.85; all incubations below this value were discarded from analysis.
Statistical Analyses
For gas samples obtained from trunk airspace, paired t-tests were used to evaluate measured differences in greenhouse gas concentrations between trunk airspace and the air next to the trunk at a given height. A one-way analysis of variance was used to evaluate both the comparison between trunk airspace greenhouse gas concentrations at all heights above water level and the comparison between greenhouse gas concentrations in the air next to the trunk at all heights above water level.
To test for the effect of height above water level on plantatmosphere greenhouse gas fluxes, t-tests were used to compare plant-atmosphere flux measurements from the two static flux chambers on each tree. T-tests were also used to compare the magnitude of plant-atmosphere fluxes to the flux associated with the water-atmosphere interface and to compare the magnitude of carbon (CO 2 and CH 4 ) fluxes across the water-atmosphere interface.
In all cases described above, a Shapiro-Wilk test was used to test for normality. If normality assumptions were violated, a non-parametric equivalent (i.e. Wilcoxon Signed Rank Test, Kruskal-Wallace one-way ANOVA on ranks with a Tukey test for multiple comparisons, or Mann-Whitney Rank Sum Test) was utilized. Statistical analyses were conducted using Sigma Plot v.12 (Systat Software, San Jose, CA) and R 3.0.1 (R Core Team).
Results
Site Mesoclimate and Additional Environmental Measurements
Mesoclimate data indicate that the daily temperature profile in July 2016 was similar to both the 10 year weather averages and the 30 year climate normal for Tyrrell County, North Carolina.Freshsurfacewaterconditions(salinity=0.1±0.0ppt) and relatively constant surface water pH (pH = 4.69 ± 0.07) were maintained throughout the study period: these observations are consistent with long-term observations (unpublished site monitoring data). The mean water depth at standing dead tree locations was 0.23 ± 0.03 m (range, 0.0-0.5 m). DBH ranged from 2.0-16.0 cm, with an average value of 7.9 ± 0.6 cm. The mean water depth at water-atmosphere static flux chamber locations was 0.31 ± 0.03 m (range, 0.19-0.45 m).
Greenhouse Gas Sampling from Trunk Airspace
The trunk airspace CH 4 and CO 2 concentrations were significantly elevated (P < 0.01) at 30 and 80 cm compared to the air immediately outside of the trunk (Fig. 3) . Trunk airspace CH 4 and CO 2 concentrations were also significantly elevated (P < 0.05) at 30 cm compared to breast height. There were no significant differences in trunk airspace greenhouse gas concentrations between either 30 cm and 80 cm or 80 cm and breast height, possibly due to high variability in the dataset.
Mean concentrations of CH 4 and CO 2 in the air immediately outside of the trunk (Fig. 3) fell within the 95% confidence intervals for CH 4 and CO 2 measured in the ambient air at the site, indicating that atmospheric greenhouse gas concentrations near the trunk were not significantly elevated as compared to background concentrations reported on the sample date. The single exception was the concentration of CH 4 in the air outside of the trunk at 30 cm (5.1 ± 1.1 μL L −1 ), which was slightly elevated compared to the background concentration in ambient air on sample days (2.7 ± 0.1 μL L
−1
). There were no significant differences in the concentrations of either CH 4 or CO 2 in the air immediately outside of the trunk at the base of the trunk (30 cm) compared to 80 cm and 1.37 m, which is indicative of atmospheric mixing.
Plant-Atmosphere Greenhouse Gas Fluxes
Of the twenty static flux chambers that were used to measure greenhouse gas fluxes across the plant-atmosphere interface, eight (40%) passed quality control standards (Table 1) . For both CH 4 and CO 2 , there were no significant differences in fluxes based on location of chamber placement (i.e. bottom vs. top) (P > 0.05).
Water-Atmosphere Greenhouse Gas Fluxes
All eight floating static flux chambers passed quality control standards for water-atmosphere fluxes of CH 4 and CO 2 . The mean water-atmosphere flux of CO 2 (343.9 ± 16.1 mg m
) was an order of magnitude greater than the mean water-atmosphere flux of CH 4 (30.9 ± 6.1 mg m −2 h −1 , . This was also the case for CO 2 , but fluxes were much less variable (range, 274.2-417.9 mg m −2 h −1 ). Wateratmosphere CO 2 fluxes were significantly higher (P < 0.001) than those associated with CH 4 . In addition, water-atmosphere CH 4 and CO 2 fluxes were significantly higher than those across the plant-atmosphere interface (P < 0.001). The water-atmosphere flux of CH 4 was roughly two orders of magnitude greater than that of the plant-atmosphere flux, whereas the water-atmosphere flux of CO 2 was ca. 4× greater than the flux associated with snags.
Discussion
Our results identify standing dead trees as a pathway for the flux of CH 4 and CO 2 from wetland ecosystems providing an increased resolution to the pathways responsible for the atmospheric flux of greenhouse gases from wetlands. Snags were sources of the atmospheric flux of CO 2 , but were both sources and sinks of the more potent greenhouse gas, CH 4 , with measured CH 4 fluxes quantitatively offsetting one another in the present study.
Greenhouse Gas Sampling from Trunk Airspace
Results from trunk airspace greenhouse gas sampling confirmed the development of a concentration gradient across the snag-atmosphere interface, a necessary first step for snags to act as a source of carbon flux to the atmosphere. These data are consistent with results from a 2014 pilot project at TOWeR (Carmichael and Smith 2016b ) that demonstrated both the accumulation of carbon-based greenhouse gases within the trunk airspace of snags and the establishment of a concentration gradient within trunk airspace. However, as in Pitz and Megonigal (2017) , methodological limitations in our study did not allow for the determination of the source of the accumulated gases. Potential sources of gas production include chemically-driven degradation of methoxyl groups in plant tissue (Keppler et al. 2006; McLeod et al. 2008; Vigano et al. 2008) , microbial decomposition of woody tissue in the snag (Zeikus and Ward 1974; Covey et al. 2012; Lenhart et al. 2012; Hietala et al. 2015; Wang et al. 2017) , and/or plantmediated transport from the sediment (Gauci et al. 2010; Pangala et al. 2012; Terazawa et al. 2015) .
As a result of internal barriers to diffusion in the inner bark and xylem, it is not unusual to observe high gas concentrations in trunks and stems relative to atmospheric air (Teskey et al. 2008 ), a pattern that has been observed in both living trees (Teskey et al. 2008; Covey et al. 2012; Wang et al. 2017 ) and deadwood stocks (Covey et al. 2016; Warner et al. 2017 ). Several studies, as reviewed in Teskey et al. (2008) and as observed in Wang et al. 2017 , have noted a positive correlation between internal concentrations of stem gases and measured efflux across the plant-atmosphere interface. Therefore, chamber-based work was necessary to 1) confirm if the high internal gas concentrations observed in this study escaped the plant-atmosphere interface as a flux and 2) more finely resolve if deadwood stocks, such as snags, represent a source or a sink of carbon flux to the atmosphere.
Plant-Atmosphere Greenhouse Gas Fluxes
Snags were confirmed here as a conduit for the flux of carbon gases from wetlands. In the present study, there were no clear spatial patterns in the data that were collected and many of the chambers did not meet quality control standards, indicating either the absence of fluxes from an individual snag or that some fluxes may be too small to be detected due to instrumentation limits. However, among detectable fluxes, there was evidence of both CH 4 and CO 2 production and consumption across the plant-atmosphere interface. For both CH 4 and CO 2 , plant-atmosphere fluxes were lower in magnitude than those measured across both the water-(this study) and soil-atmosphere interfaces (Morse et al. 2012) at TOWeR. Plant-atmosphere fluxes of CH 4 in this study were similar in magnitude to those measured from both live trees and coarse woody debris in other studies of both wetland (Pangala et al. 2012 ) and upland (Wang et al. 2016; Wang et al. 2017; Warner et al. 2017) systems. However, fluxes of CH 4 in this study exceeded those measured in other studies from live trees in both wetland (Gauci et al. 2010; Machacova et al. 2013 ) and upland (Machacova et al. 2016; Pitz and Megonigal 2017) systems by up to 3 orders of magnitude. It is not uncommon to observe high spatial and temporal variation in studies that measure plant-atmosphere greenhouse gas fluxes. Although CO 2 fluxes from woody vegetation are rarely reported in the literature related to the role of vegetation in the flux of greenhouse gases from wetland systems, the values in our study largely agree with those measured in live trees and coarse woody debris in upland systems by Warner et al. (2017) . Despite the growing body of literature on the role of plants in the flux of carbon gases from wetland systems, much is yet to be learned about this pathway, a statement that is especially relevant for the newly recognized pathway of snags. First, it is still unclear whether the ultimate source of the carbon gases in this study was decomposition of woody tissue, plant-mediated transport of sediment-borne gases, or a combination of both. Future experiments focused on measuring the potential for CH 4 production and oxidation in tissue harvested from snags could help to clarify this unknown. In addition, stable isotopic studies of gases trapped in a flux chamber might also be a useful approach [similar to Schwietzke et al. (2016) ], though identifying sources of CH 4 using this technique can be somewhat complicated (Newton 2016) .
Second, the abiotic and biotic controls on the magnitude and direction of carbon fluxes from snags are currently unknown. A variety of abiotic factors have been shown to impact decay rates in deadwood: surface area exposed to ground contact and/or physical position (Harmon 1982; Oberle et al. 2017) , exposure to radiation and wind (Harmon 1982) , the chemical composition of wood (Zanne et al. 2015) , the water content of wood (Wang et al. 2017) , and the availability of carbon substrates (Covey et al. 2016 ). In addition, any factor that impacts properties associated with diffusion in deadwood would likely also affect gas fluxes across the plant-atmosphere interface (Covey et al. 2016) . For example, the state of decay (Warner et al. 2017) , wood density (Pangala et al. 2012) , woody porosity (Visser and Bögemann 2003) , and the diameter of stems or trunks (Covey et al. 2016 ) are all factors that likely influence fluxes from snags. Plant-microbe interactions may also act as a control on the strength and direction of fluxes. Negative CH 4 fluxes were measured in this study, and a comparison of gas concentration values in dead trunk airspace to those in experimental models of biologically inert trunks (2″ PVC columns, unpublished data) provides evidence that dead trunks, as biologically active structures, may actually play a role in mediating CH 4 flux. Methanotrophic symbionts are known to colonize wetland plant tissue (Raghoebarsing et al. 2005) , and it is possible this relationship could turn an individual plant from a source of CH 4 to a sink if rates of CH 4 consumption were high enough.
Third, the mechanisms that induce the flux of carbon gases across the plant-atmosphere interface are yet to be elucidated. A flux could purely be diffusive, but it is also likely that environmental conditions such as wind exposure may drive and/or enhance fluxes across the plant-atmosphere interface. During one sampling event, a storm system was moving through the area. When having difficulty extracting a gas sample from an experimental model of a biologically inert trunk at water level, a gust of wind pulsed through the site and the sample was easily extracted. According to Bernoulli's principle, as fluid speed increases, fluid pressure drops. Therefore, fast moving air generates a lower pressure than still air. It is possible that this burst of wind could create a vacuum, suctioning accumulated gases out of the column airspace, and pointing towards a potential mechanism for the induction of fluxes across the plant-atmosphere interface in snags. In fact, Bernoulli's principle has been demonstrated to induce gas flows in other non-living structures built from biological activity (Vogel et al. 1973) , and low-air-pressure events, such as those associated with storm systems, can induce CH 4 fluxes across both the soil- (Clements and Wilkening 1974) and water-atmosphere (Mattson and Likens 1990) interface.
Finally, from a source-strength perspective, little is known about 1) diurnal and/or seasonal fluctuations in the magnitude of CH 4 and CO 2 fluxes across the plant-atmosphere interface in snags and 2) the current spatial extent of ghost forests within coastal landscapes. However, it is clear that ghost forest landscapes will become increasingly common in the future, as stressors associated with global climate change represent a present and imminent threat to coastal wetlands. This is particularly true for wetlands of the United States' Atlantic and Gulf coasts, where an estimated 58,000 km 2 of land lies less than 1.5 m above sea level (Titus and Richman 2001) .
Water-Atmosphere Greenhouse Gas Fluxes
These data also provided supporting evidence for the quantitative importance of water-atmosphere carbon fluxes from wetland ecosystems, an often overlooked component of gas transport processes in lentic and lotic freshwater systems (Bastviken et al. 2011; Poindexter et al. 2016; Stanley et al. 2016) . Recent experimental evidence indicates that carbon fluxes across the water-atmosphere interface are likely a dominant transport pathway in wetland systems, especially during ebullition events (Walter et al. 2006; DelSontro et al. 2014 ) and over nighttime hours (Poindexter et al. 2016) , a window in which greenhouse gas flux measurements are rarely completed. In the present study, water-atmosphere fluxes of CH 4 and CO 2 were significantly higher (ca. two orders of magnitude and 4× respectively) than fluxes across the plantatmosphere interface. For CH 4 , water-atmosphere fluxes were consistently higher than those measured at similar sites in TOWeR in July 2012 [Helton et al. (2014) , CO 2 fluxes were not reported in this study]. In addition, water-atmosphere fluxes of CH 4 were an order of magnitude higher than mean soil-atmosphere fluxes measured in a multi-year study at TOWeR; for CO 2 , the ranges of water-and soil-atmosphere fluxes were within the same order of magnitude and overlapped Morse et al. (2012) . Though the focus of the present study was not necessarily hydrodynamic transport processes, our data indicate that water-atmosphere flux of CH 4 and CO 2 may be a quantitatively important pathway in the atmospheric flux of greenhouse gases from wetland ecosystems.
Conclusions
Results from this study have identified standing dead trees as a previously unrecognized pathway in the flux of CH 4 and CO 2 from wetland ecosystems. However, several key questions remain regarding 1) the ultimate source of these carbon gases, 2) the abiotic and biotic controls on the magnitude and direction of this flux, 3) the mechanisms that induce this flux, and 4) the importance of this pathway relative to other sources at the landscape level. Over time, knowledge regarding the mechanisms that induce and control carbon fluxes from snags could lead to the development of management strategies for decreasing greenhouse gas emissions from wetlands, as suggested in McInerney and Helton (2016) . Though stocks of deadwood in forests are notoriously difficult to estimate (Woodall et al. 2012) , globally stressors associated with global climate change (i.e. sea level rise, saltwater incursion, and extreme episodic events such as intense drought or hurricanes) are already leading to the conversion of large swaths of coastal forested wetlands to ghost forest landscapes, increasing the spatial footprint of snags in coastal landscapes (Gilbert et al. 2012; Melillo et al. 2014 ) and the quantitative importance of standing dead trees in wetland carbon dynamics.
